Abstract A novel method to systematically vary temperature and thus study the resulting microstructure of a material is presented. This new method has the potential to be used in a combinatorial fashion, allowing the rapid study of thermal holds on microstructures to be conducted. This is demonstrated on a beta titanium alloy, where the thermal history has a strong effect on microstructure. It is informed by simulation and executed using the resistive heating capabilities of a Gleeble 3800 thermomechanical simulator. Spatially varying isothermal holds of 4 h were affected, where the temperature range of the multiple isothermal holds varied by *175°C.
Introduction
In recent years, there has been an increasing use of combinatorial approaches for exploration and evaluation of alloy systems [1] [2] [3] . In this context, ''combinatorial'' refers to the production of samples that cross a wide range of processing parameters or compositions to rapidly optimize for desired properties. For example, the fabrication of compositionally graded Ti-xM systems using binary powders and powder-based additive manufacturing systems allows for study of the effects of composition on properties such as high-temperature oxidation resistance [1, 2] or phase transformations [3] . This combinatorial approach has proven beneficial because it allows for the simultaneous assessment of large numbers of compositions (often at a fixed thermal history) without the need to produce large numbers of samples, consequently cutting the time and effort required to study the effect of composition on microstructure, properties, and performance. One of the oldest combinatorial approaches (though not identified as such) is the Jominy End Quench Test [4] which allows for rapid studies of the effect of the cooling rate on microstructure and properties. Isothermal gradients and their effects have also been studied. The effect of the heat affected zone (HAZ) in welds is one of the oldest examples of this, and still a topic of study [5] . In these cases, the HAZ is an uncontrolled, short-term heating, rather than any sort of tailored thermal gradient. Methods have been developed to induce thermal gradients via even heating in a traditional furnace, and then cooling at one end to induce a thermal gradient [6, 7] . These techniques have been adapted to vary properties in forged nickel-based superalloy turbine disks [8, 9] . These studies clearly show the influence of uneven thermal exposure, but are often concerned with the resulting microstructure in the finished, full sized part, with thermal monitoring limited to a few points, as well as a nonlinear thermal profile across the sample. The microstructural variation is also of note, in that the recrystallization post-forging is often the focus, where larger grains are desired in the outer rims, and smaller grains in the bore region [8, 9] . In these studies, there is a sudden change in microstructure as the temperature threshold for recrystallization is crossed, rather than a gradient in features and properties to follow with the gradient in temperature. They also rely on heat flux alone, rather than any uneven heat source. While these techniques allow for the study of variations in cooling rate and aging temperature, the ability to engineer and affect thermal gradients comprised of isothermal holds in a systematic, controlled and small scale would provide a way to study more closely these thermal gradients. This is difficult to do and is rarely conducted owing to an absence of an instrumented technique to control such gradients of variable temperature isothermal holds. Presented here is an extension of these combinatorial approaches for the creation of a controlled temperature gradient within a single sample over a length scale larger than the attending microstructural features, such as grains and precipitates.
Equipment and Materials
The novel use of a Gleeble system enabled the application of a temperature gradient onto a single sample, where a 200°temperature gradient can be held for a lengthy period of time. Manufactured by Dynamic Systems Inc. (DSI), the Gleeble is designed to perform a wide variety of physical simulations of thermomechanical processes [10] . The Gleeble 3800, which was used for these tests, has the capability of heating and cooling samples at highly controlled rates, all in the presence of an inert atmosphere or vacuum. The instrumented experimental technique was informed by finite element software, in the form of COMSOL Multiphysics, and the microstructure quantified using relatively new methods of quantification, namely MIPAR TM , to demonstrate this new method for rapid evaluation of isothermal holds on alloy systems. TIMETAL 21S, or b-21S, is a metastable beta titanium alloy developed for oxidation and corrosion resistance for use in aerospace applications [11] . Like all metastable beta alloys, b-21S retains its high-temperature b bcc (bodycentered cubic) structure when quenched from above its beta transus of 807°C. The alloy must be aged below its beta transus in order to precipitate out the low-temperature a hcp (hexagonal close packed) phase to strengthen the material [12] . The exact size and distribution of these alpha precipitates strongly influence the mechanical properties and are very sensitive to the aging temperature and time [12] [13] [14] . b-21S is an ideal candidate alloy for verifying the novel experiment proposed here. When this alloy is exposed to a thermal gradient, a corresponding variation in microstructural features such as volume fraction of phases and feature size (e.g., a laths) would be expected. A plate of b-21S (*38 mm thick) in the fully beta solutionized condition was provided by Timet and was used to demonstrate this new technique. The nominal chemistry of this plate, performed by Timet, is given in Table 1 .
Results and Discussion
The known phenomenon of resistive heating is the basis for this technique. The basic relationship between current (I), power (P), and resistance (R) is given in Eq 1.
In physical simulators, such as the Gleeble, where resistive heating is used to heat the specimen, the current remains constant across the length of a single piece of material. Consequently, by varying the cross sectional area, and thus the resistance, the conversion from electrical energy to heat energy in that area will vary in a predictable way, allowing the Gleeble to be used as a controlled, resistive thermal gradient unit. Thus, this technique requires some sort of controlled resistive heater.
The objective of the research work is to affect an approximately linear temperature gradient with a temperature change of *200°C across the sample. The Gleeble stainless steel hot grips were used for this study, as they not only allow for the usage of a flat sample, but also induce a more uniform thermal profile when compared with the sharper thermal profile of the more standard round copper grips [15] . The concept of the experiment was further explored using a finite element modeling approach to account for heat flow, radiation loss, and non-uniform conductive heating. Specifically, COMSOL Multiphysics was used in an exploratory manner to assess the approximate dimensions and shapes required to achieve the aforementioned criteria. Current, joule heating, and heat flow were included in the bulk sample, and boundary conditions were set for where the Gleeble grips would contact the sample on the surface. These boundary conditions had the relevant voltage drop across the sample, as well as room temperature conditions at the point of contact, to approximate the cooling of the grips.
A sample of b-21S was cut and machined to the final geometry ( Fig. 1 ) from the beta solutionized plate for the verification of the proposed technique. Four K-type thermocouples were welded to the surface of the machined sample for the purposes of monitoring and controlling the temperature along the sample, as marked in Fig. 1a . To avoid oxidation on the sample, the Gleeble test chamber was rough pumped and backfilled with argon 3 times, then diffusion pumped to 2.6 9 10 -5 torr. The controlling thermocouple was positioned at the narrowest point, where the temperature would be the highest. The controlling set point of this position was 700°C. Given that the stainless steel grips do not allow for the same rapid ramping up of temperature that the copper grips do, the sample was heated over 3 min. The other three thermocouples were allowed to come to temperature and monitored to determine when the temperatures reached a steady state (Fig. 2) . The specimen was held at the spatially graded isothermal holds for 4 h to allow the microstructure to reach a reasonable degree of equilibrium.
Following the Gleeble experiment, the sample was cut along the center line, cold mounted and polished with 0.04 lm colloidal silica as a single piece, and imaged using an FEI Quanta 250 FE-SEM in backscatter mode. Images were taken along the points where the thermocouple was taking direct measurements, shown in Fig. 3 . This was done simply to verify that the expected variation in microstructure followed the change in aging temperature. As expected, there was a marked variation in the microstructure as the aging temperature increased from 527 to 700°C. As the temperature increased, the alpha phase stability drops, and the volume fraction of alpha naturally declines. A quantitative analysis of the volume fraction of the a phase at various points was done using MIPAR TM , a new and powerful image processing software package [16] . Using adaptive thresholding, MIPAR TM is able to automatically differentiate features in an image for quantification, and apply the same procedures automatically to an entire batch of images for rapid acquisition of a large amount of microstructural data. As expected, the volume fraction of alpha declines with increasing temperature, and the microstructure transitions from a refined basket weave microstructure consisting of interpenetrating a laths, to coarse, discrete a particles dispersed in the b matrix. Usually, the finer scaled a phase is desired for the increased hardness and strength, and much work has been done to engineer finer scale structures in b-21S [13, 17] . To show this change in mechanical properties across this thermally graded sample, a rudimentary assessment was conducted by measuring the Vickers microhardness at the four points Table 2 .
While there is the potential for much more characterization work on this sample, including the examination of the prior beta grain size and the regions between these four locations, the characterization work presented here is enough to demonstrate the viability of this procedure.
Conclusion
This method represents the next step in combinatorial materials science. Through the use of the Gleeble, and a carefully designed geometry, it has been shown that a gradient of temperatures can be induced in a single metal sample. Simulation techniques, such as COMSOL, can be used to guide the design of the geometry for the desired temperature gradient. b-21S was an ideal candidate to demonstrate this technique, owing to its sensitivity to aging temperature and the effect this has on the mechanical properties. While this method was verified with microstructural characterization and microhardness, this entirely new technique clearly has broad impact to materials process research. The ability to construct and hold a thermal gradient across such a small specimen further shows the usefulness and increasing viability of combinatorial metallurgy.
